DISCLAIMER
INTRODUCTION
The application of glow discharges to the analysis of nonconducting materials such as glasses and ceramics is of great interest due to the number of advantages afforded by their direct solids capabilities. These types of samples, by their chemical nature, pose difficulties in dissolution for their subsequent analysis by common spectroscopic instrumental methods such as inductively coupled plasma atomic emission (ICP-AES). The ability of the glow discharge to sputter-atomize and excite solid nonconducting materials greatly reduces sample preparation time, cost, and complexity of an analysis. In comparison with x-ray spectroscopies, GD also provides the advantage of a relatively uniform sample atomization rate, resulting in a lowering of matrix effects.
In a traditional direct current glow discharge (dc-GD), the material to be analyzed must first be ground and thoroughly mixed with a conductive host matrix and pressed into a solid pellet [l-31. Although the GD offers many advantages as described above, the sample preparation involved in dc-GD analyses can produce undesirable effects. Mixing with a conductive host matrix may result in decreased sensitivity and contamination of the sample.
Additionally, atmospheric gases which are often trapped in the sample upon pressing can degrade the quality of the plasma and obscure analytical results by reducing sputtering rates and affecting excitation conditions [3,4]. Internal standardization has been carried out in both atomic absorption and emission dc-GD analyses in order to improve precision and accuracy which are affected by these problems [3,5-71.
Radio frequency glow discharge (rf-GD) sources have been shown to be effective, sensitive and efficient means of analyzing both conductive and nonconductive powders and bulk materials directly in the solid state, without matrix modification [l] . The ability to directly sputter-atomize and excite nonconducting materials with an rf-GD has been demonstrated by Winchester, Lazik and Marcus [8, 9] . This approach easily permits the qualitative elemental analysis of the sample. Figure 1 shows The elemental analysis of vitrified nuclear waste involves many complexities that arise from both the physical and chemical nature of these samples. Significant matrix modification is required for analysis by arc/spark vaporization (involving compaction in a conductive host matrix) and labor intensive sample dissolution for solution analysis by ICP emission or mass spectrometries. The analysis of 23% oxides pose further difficulties in terms of high levels of radioactivity in the sample and waste solutions. Direct solids analysis would therefore be advantageous for such samples, allowing a greater ease of sampling and a decrease in the amount of chemical waste produced and possible contamination. More specifically, rf-GD atomic emission spectrometry (AES) has the advantages of rapid plasma stabilization times, simple and compact construction, and a relatively lower cost of operation compared with mass spectrometry systems. These benefits contribute to the potential for miniaturization of the rf-GD source which can be housed within a glove box and remotely sampled by an optical spectrometer via an optical fiber.
This study focused on the applicability of rf-GD-AES for the direct analysis of nonconducting materials. Particular targets included plutonium oxides and defense waste glasses. There were several goals in this study, including the parametric evaluation of plasma operating conditions, an assessment of limits of detection for trace analysis in simulated vitrified waste samples and the quantification of these types of samples. The final goal was to design a contained rf-GD-AES system for remote sampling of radioactive materials at the Savannah River Site in Aiken, SC, in the most efficient, safe and cost-productive manner. Figure 2 shows the experimental set-up for this study. The rf-GD source and collection optics have previously been described in detail [l]. The spectrometer system employed is a JY-38, 1.0 meter scanning monochromator with a 3600g/mm holographic grating (Jobin-Yvon, Division of Instruments, SA, Edison, NJ). Entrance and exit slits were 14 and 25 microns, respectively.
EXPERIMENTAL
Data acquisition is achieved with the use of the "IMAGE" fast scanning electronics and software (Jobin-Yvon, Division of Instruments, SA, Edison, NJ). This allows a full wavelength spectrum (200-550 run) to be acquired in two minutes. Thus, rapid data acquisition for radioactive materials would be possible, while still maintaining sufficient resolution (~0 . 1 nm) needed for properly evaluating spectra. This system incorporates an automatic gain between 1 and 106 by high voltage control of the PMT, therefore yielding a dynamic range that is sufficient for analyzing trace to major constituents of a sample in one complete spectrum.
Sample preparation for direct solids analysis was minimal, involving only cutting the sample with a diamond cutter (Raytech Industries Inc., Stafford Springs, Conn.) and grinding with 120 and 400 grit Sic paper, respectively, to yield a sample of 1-3mm thickness. To avoid errors in data acquisition, the sample is pre-sputtered for several minutes before an analysis in order to remove any Sic residue on the surface. The diameter of the sample must be large enough to fit over the teflon or viton O-ring (5mm diameter) in order to achieve an adequate vacuum seal. High-purity argon gas (99.999%) fills the discharge chamber and the rf power (generally 20-40W) is applied to the back of the sample.
RESULTS AND DISCUSSION
This work demonstrates the ability of rf-GD-AES to analyze nonconductive simulated waste glasses with various trace inorganic components. Figure 3 shows the full wavelength spectrum of a glass frequently made during the waste vitrification process (DWPF). This glass is comprised of the following elements, some of which are easily identifiable in the spectrum: A1 4.6%, B 7.6%, Ca 1.l0h, Fe 12%, Mg 1.5%, Mn 2.5%, Na 8.6' /0, Ni 1.1% and Si 52.3%.
An optimization of operating parameters is essential before beginning an analysis, and previous work in this laboratory has been carried out in order to parametrically evaluate experimental conditions for nonconducting materials. The diameter of the orifice plate, which limits the amount of sample to be sputtered, was determined to be 3mm. Because of the fragile nature of the nonconducting samples, powers lower than those normally used for conductive ones were used, typically 20-40W. Discharge pressure is also a very important parameter in that it effects the amount of sputtering which may take place, as well as the plasma excitation conditions. Figures 4 and 5 show the optimization of discharge pressure at 30W for two transitions that are characteristic of elements that are typically found in NIST standard reference materials and in the simulated waste glasses. Silicon is a major component of NIST 1412 standard reference glass, present at 19.8%, while magnesium is at a minor level of 2.8%. Transitions for both of these elements, as shown in Figures 4 and 5, yield optimum signal intensities at a discharge pressure of 4 torr. It is often more informative to examine the signal-to-background (S/B) ratio, since background levels can often be high due to spectral interferences or high noise levels (photon and electronic).
Upon plotting S/B as a function of pressure, it is observed for both transitions that 6 torr is optimum. Since S/B has been deemed to be a more thorough estimate of spectroscopic information, the working pressure chosen for these studies was 6 torr.
The time required to establish a stable emission signal is very important in determining the overall time for an analysis. This is a vital concern for analyses of radioactive glasses for which the time required to handle the sample should be minimal. An important aspect in the quantitative analyses of glasses and ceramics that must be considered is how the oxide-rich nature of these types of samples affects the quality of the plasma. The majority of glasses and ceramics, including the nuclear waste glasses, contain 40-60% oxygen which can be released into the plasma through the sputtering process. Although rf-GD-AES direct solids analysis eliminates the process of pressing powders which can trap atmospheric gases, these gases can be trapped within the pores of the sample itself. Often the fragile nature of the sample dictates that the amount of pressure applied to hold the sample in place be decreased, which may subsequently introduce a leak in the discharge vacuum system. The upper portion of Figure 7 illustrates the negative effect on the plasma of air introduced via an inadequate seal between the sample and vacuum O-ring.
Strong band emission in the region between 300-400 nm is observed (as shown in Figure 8 ) arising from molecular N2, NH, NO and other components of air. In order to improve the plasma quality, an argon bath accessory, shown in Figure 9 , was utilized in which a brass cup was placed around the sample, external to the source chamber. Argon gas flowed inside the cup so that in the case of an inadequate seal or porous sample, the argon bath gas was introduced into the plasma (which is supported by argon) instead of air. This arrangement improves the spectral quality by enhancing the analyte emission that was previously suppressed by the presence of air in the plasma as shown in Figure 10 . Many factors may influence the level of sample-to-sample precision obtained in an analysis, including the variation in pressure applied to the back of the sample, small changes in vacuum conditions and/or discharge gas pressure and the physical nature of the sample itself. The latter factor is exemplified in the large %RSD values of 3 separate analyses of the same sample listed on the right side of Table 2 . Since glass samples may be porous in nature, air may be introduced into the plasma under vacuum conditions. The use of the argon bath has been shown to also greatly improve sample-tosample reproducibilities as well as internal precision values, as shown on the left portion of Table 2 .
In comparison to conductors, the quantitative analysis of dielectric materials is not as straightforward. In a previous parametric evaluation of rf-GD for the analysis of glass and ceramic samples, it was found that rf applied potentials and dc bias potentials are appreciably lower in these types of materials in comparison with conductors [9] . The measured decrease in dc bias potentials is related to the reduction in sputtering rates and emission intensities as well. The dependence of emission intensity on sample thickness indicates that the thicker samples, which have higher capacitance, result in substantial power losses and decreased intensities. Therefore, another goal of this study was to develop a suitable method for calibration which normalizes emission intensities for variations in sample thickness.
This dependence can be measured quantitatively by the dc bias potential established on the sample surface. A near-linear response relating bias potential with emission intensity is observed for the measured intensity of Mg 285.1 nm emission (a major component in MacorTM) as shown in Figure   11 , which is inversely related to sample thickness. As in the case observed for atomic absorbance intensities in rf-GD, this relationship between emission and dc bias voltage allows for a corrected intensity (Ic) based on the slope of the line and the observed bias potential of the analytical sample:
where Im is the measured intensity, m is the calculated slope using two standards and u is the voltage deficit between the measured dc bias of each sample and that of the thinner sample. The product (m e u) provides a correction factor for power losses experienced. Figure 11 also shows the corrected intensities of the DWPF glass at four different thicknesses.
Intensities of a DWPF waste glass ranging from 1-4 mm thickness were measured with the RSD of the corrected intensities being 8.3%, which is well within normal sample-to-sample precision values. Using the corrected intensities, it is possible to generate a calibration curve using the DWPF waste glass along with NET standard reference glasses, as shown for Ca I1 393.4 nm in Figure 12 .
Limits of detection for elements present in the DWPF waste glass were evaluated in order to determine if the sensitivity of the rf-GD-AES approach was sufficient for in-house WSRTC analyses. The method of calculating detection limits employed here is based on the relationship between the analyte signal-to-background ratio and the relative standard deviation of the spectral background, termed by Boumans as the RSDB approach. As can be seen in Table 3 , the values for a 3 mm thick simulated DWPF glass range from 1-20 ppm. Note that the values are a function of the specific analyte concentration, which amplifies contributions from flicker noise. As a result, lower calculated limits would be expected from analytes of lower concentration; i.e., approaching the detection limit. Even so, these values are sufficient for the target cases at hand. In fact, given the inverse relationship between sample thickness and analyte intensity, one would expect detection limits to be approximately a factor of 10 lower simply by analyzing a 1 mm thick sample.
In order to meet the requirements of radioactive sample assaying, an isolated glove box was designed to house the rf-GD source. As illustrated in Figure 13 , a 3 m long of optical fiber serves as a conduit to transport light from the source to the monochromator. Sampling of the source remotely via optical fiber can be implemented. A commercial optical fiber adapter is being implemented to connected one end of optical fiber with the monochromator slit mount. Focusing light from rf-GD source into the optical fiber is a tedious operation, we are planning to use a fixed lens to do this. This device will allow the ready disposal of the spectrochemical source at the end of its practical lifetime, while isolating the spectrometer from radioactive contamination. mounting and to control the source vacuum and discharge gas introduction.
Pneumatic valves will be used to carry out the sample CONCLUSIONS Although much work is still needed in the quantification of nonconducting materials, the studies to date have demonstrated the incredible potential of rf-GD-AES for these applications. Despite the unique factors that must be considered in the analysis of glasses and ceramics, the ease of direct sampling for these types of samples in rf-GD has attracted much interest in the technique.
Establishing the relationship between thickness and intensity enables corrections to be made in analyses. Despite the reduction in emission intensities, sensitivities in glasses have been shown to be comparable to those of other techniques (in the single ppm range) [9, 10] . Figure 12 illustrates the calibration method using corrected emission intensities as shown in Figure   11 . The fact that DWPF glass can be quantified with NIST standard glasses is very promising for future calibration. Limits of detection listed in Table 3 are shown to be sufficient for trace elemental analyses. Finally, the glove box design shown in Figure 13 appears to be a practical, safe and cost effective means of sampling radioactive waste glasses.
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